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Objectives. This study evaluated the delivery characteristics 
and vascular response to placement ofa novel balloon-expandable 
stent in swine with experimentally induced atherosclerosis. 
Background. The Multi-Link stent is a balloon-expandable 
stainless teel stent with an interconnected ring structure de: 
signed to provide a high degree of compressive r sistance while 
preserving longitudinal f exibility. The placement characteristics 
and vascular esponse to this stent in atherosclerotic coronary 
arteries have not been characterized. 
Methods. We tested the delivery characteristics and vascular 
response to the Multi-Link stent in 19 miniature swine with 
experimentally induced coronary atherosclerosis created in 37 
coronary artery segments by overstretch balloon injury and high 
cholesterol diet. Quantitative coronary angiography was used to 
define stent performance characteristics, such as lesion dilation 
and compressive r sistance. Pathologic assessment of the stented 
arteries was used to evaluate the immediate and long-term 
vascular esponse to stent placement. 
Results. Nineteen (95%) of 20 stents were successfully implanted 
in the left anterior descending (n = 11), left circumflex (n = 7) or 
right (n = 1) coronary artery. The baseline angiographic minimal 
lumen diameter of the stented coronary segment was 2.48 -+ 0.09 mm 
(reference diameter 2.87 + 0.06 ram, mean _+ SE) and increased to 
2.82 + 0.05 mm (p < 0.001) after stent placement. The balloon- 
inflated stent diameter was 2.98 -+ 0.06 mm with minimal recoil to a 
final minimal umen diameter of 2.82 -+ 0.06 mm at 15 min after 
implantation (p = 0.001). Angiographic and histologic follow-up at 
72 h (n = 7), 14 days (n = 4) and 56 days (n = 8) demonstrated that 
all stents were patent, without evidence of migration, intraluminal 
filling defects or side branch occlusion. At 56 days, mean neointimal 
thickness was significantly greater at the stent wire sites in the region 
of the plaque where the media was absent han the stent wire sites, 
where the internal elastic lamina was intact with underlying normal 
media (0.48 -+ 0.01 vs. 0.27 -+ 0.02 mm, p < 0.0001). Compared with 
the nonstented atherosclerotic lesions, after 56 days the stented 
vessels had a mildly reduced lumen area when normalized to the 
proximal reference vessel (2.81 -+ 0.27 vs. 2.68 _+ 0.30 mm 2, p = 0.07). 
The mean change in the area within the external elastic lamina 
relative to a normal proximal reference segment was significantly 
greater in stented vessels (1.45 -+ 0.34 mm 2) than nonstented 
atherosclerotic vessels (0.44 _+ 0.28 mm 2, p = 0.033). 
Conclusions. Morphologic data confirm that the principal bene- 
ficial effect of stent placement is vessel expansion and attenuation of
constrictive remodeling. In vessels with eccentric atherosclerotic 
fibrocellular plaques, the presence of normal media underlying the 
stent determines the degree of neointimal formation. These data may 
be useful in understanding the mechanism of stent restenosis in 
patients with prior percutaneous transluminal coronary angioplasty. 
(J Am CoU Cardiol 1996;27:1270-7) 
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Intracoronary stent placement with the Palmaz-Schatz stent is 
associated with fewer acute procedural ischemic omplications 
and a lower incidence of restenosis than that for percutaneous 
transluminal coronary angioplasty (1,2). These results are 
achieved espite several suboptimal design features, including 
a large-profile sheath delivery system, limited stent flexibility 
and suboptimal device radiopacity. The physical properties of 
an ideal stent have not been determined. Certain properties, 
such as flexibility, expandability and compressive resistance, 
affect a stent's deployment characteristics and determine its 
ability to maintain arterial patency (3-10). Several newer stent 
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designs have been developed and are in various stages of 
investigation. 
The Multi-Link stent (Advanced Cardiovascular Systems) is
constructed from 316L-grade stainless teel. The stent is laser 
etched from a solid metal tube to achieve a series of intercon- 
nected rings with a wire thickness of 0.0022 in. (0.056 mm). 
The metallic surface of the stent contributes -15% of the 
arterial surface area covered by the expanded stent and was 
fabricated in this manner to optimize radial strength and 
provide longitudinal f exibility. The stent is premounted on a 
semicompliant balloon (PE 600) that is covered with an 
elastomeric membrane designed to result in uniform stent 
expansion at a nominal balloon pressure of 8 atm. A flexible, 
5.0F retractable sleeve covers the stent and delivery balloon 
catheter to prevent embolization. In theory, the design features 
of the Multi-Link may improve stent deployment characteris- 
tics while providing optimal dilation of a coronary lesion. 
The purpose of the present study was to assess the delivery 
characteristics and the vascular esponse to placement of this 
novel stent in an animal model with experimentally induced 
atherosclerosis. The effect of stent placement on vascular 
remodeling was evaluated by comparing the vessel morphology 
of the stented coronary segments with that in nonstented 
atherosclerotic segments. Further, we studied the influence of 
the underlying fibrocellular atherosclerotic plaque on neointi- 
mal formation. 
Methods 
Animal preparation. Atherosclerotic lesion induction. The 
animal work was approved by the institutional scientific review 
committee and conformed to the "Position of the American 
Heart Association on Research Animal Use" adopted by the 
Association in November 1984. Nineteen 20- to 30-kg Yucatan 
miniature swine were placed on a 2% cholesterol and 20% fat 
diet (Purina Mills Inc.) for 2 weeks. Thereafter, animals 
received aspirin (650 mg) and nifedipine extended release 
(30 rag, Pfizer Laboratories Division) by mouth on the evening 
before balloon injury. Intramuscular ketamine (20 mg/kg body 
weight) and xylazine (4 mg/kg) were used for induction of 
anesthesia. General anesthesia was maintained by an intrave- 
nous fentanyl infusion (Elkins-Sinn) at a rate of 100 to 
130 ~g/kg per h. An 8F sheath was placed retrograde in the 
right carotid artery. A bolus of heparin (porcine intestinal, 
USP, Elkins-Sinn), 150 U/kg, was administered intraarterially. 
The left main or right coronary artery was engaged with a 
standard 8F Judkins right 3.5 or left 4 guiding catheter. The 
guiding catheter was used as a reference for balloon sizing. 
Standard coronary angioplasty balloons were oversized 1.2 to 
1.5 times the normal vessel diameter to achieve medial fracture 
at the site of dilation. Animals were allowed to recover and 
were returned to care facilities. All animals remained on a 2% 
cholesterol and 20% fat diet for 4 weeks after balloon angio- 
plasty. 
Stent placement. Nineteen swine underwent placement of 
20 premounted stainless teel stents with an interconnected 
Figure 1. The Multi-Link stent is pictured in the nonexpanded and 
expanded states. Note the pattern of interconnected sinusoidal rings 
(wire diameter 0.0022 in.) that form the stent. 
ring design (Multi-Link, Advanced Cardiovascular Systems 
Inc.) in the left anterior descending, left circumflex or right 
coronary artery at a site of prior balloon injury (Fig. 1). 
Animals were medicated with aspirin (650 mg) and nifedipine 
extended release (30 rag) by mouth on the evening before stent 
placement. Under general anesthesia, n 8F sheath was placed 
retrograde in the right carotid artery, and heparin (150 U/kg) 
was administered intra-arterially to achieve an activated clot- 
ting time >300 s (Hemochron, International Technidyne). An 
intravenous infusion of Dextran 40 10% was initiated at a rate 
of 125 ml/h before cutdown and continued for the duration of 
the procedure. After completion of baseline angiography, the 
stent was implanted at a site of prior balloon injury that was 
identified by an anatomic landmark (e.g., a side branch) or the 
presence of lumen narrowing. The stents were implanted using 
the guiding catheter as a reference to obtain a 1:1 stent/artery 
ratio compared with the normal reference vessel diameter. 
Placement of a 3.0- or 3.5-mm diameter, 1.5-cm length stent 
was completed with a single balloon inflation at 8 atm for 45 s. 
In two experiments, the delivery catheter was exchanged for a 
compliant 20-mm long angioplasty balloon of the same diam- 
eter to assess the ability to recross the stent. Angiography was 
completed at 15 min after implantation toconfirm patency of 
the stent and side branches as well as to assess migration or 
intraluminal fi ling defects. Swine were allowed to recover and 
were returned to care facilities where they received a normal 
diet and aspirin, 81 mg daily. The animals were retumed to the 
research catheterization laboratory for follow-up coronary 
angiography at 72 h (n = 7) and at 14 (n = 4) or 56 (n = 8) 
days after implantation. After completion of angiography, the 
animals were euthanized with a lethal dose of barbiturate. 
Pathologic evaluation. Immediately after euthanasia, the 
hearts were harvested, and the coronary arteries were 
perfusion-fixed with 10% neutral buffered formalin at 60 to 
80 mm Hg for 30 rain through the aortic stump. Noncontrast 
postmortem radiography was completed on each stented vessel 
before sectioning to assess stent expansion and structural 
integrity. The stented coronary artery segments were carefully 
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Table 1. Summary of Angiographic Data at Baseline and After Multi-Link Coronary Stent Placement in 19 Pigs 
Stent Placement 
Reference MLD Lesion MLD % Poststent MLD Reference MLD 
(mm) (mm) Stenosis (ram) (mm) 
Follow-Up 
Stent MLD 
(mm) 
% 
Stenosis 
72 h (n = 7) 2.98 _+ 0.10 2.72 -+ 0.13 9.1 _+ 2.3 2.96 _+ 0.10 2.96 _+ 0.08 2.80 _+ 0.09 5.3 _+ 1.8 
14 days (n = 4) 2.91 _+ 0.11 2.44 -- 0.15 16.3 _+ 2.3 2.69 _+ 0.10 2.85 _+ 0.03 2.62 _+ 0.07 8.0 _+ 1.8 
2 mo (n = 8) 2.75 -+ 0.10 2.29 -- 0.13 17.2 _+ 2.5 2.77 + 0.08 2.75 _+ 0.12 2.18 _+ 0.15' 20.1 _+ 4.9 
2.87 + 0.06 2.48 _+ 0.09 14.0 _+ 1.6 2.84 _+ 0.26 
*p = 0.40 versus baseline l sion minimal lumen diameter (MLD). Data presented are mean value _+ SE. 
dissected from the epicardial surface and sectioned trans- 
versely in the midportion of the stent. Two 3-mm sections were 
obtained from the midportion of the stent. A section with the 
stent wires intact was embedded in methylmethacrylate nd cut 
with a stainless teel carbide knife at 4 to 5 /~m. The other 
section was embedded in a paraffin block after the stent wires 
were carefully removed using a dissecting microscope. The 
paraffin-embedded section was cut with a stainless teel knife 
at 4 to 5 /xm. The nonstented atherosclerotic vessels were 
embedded in paraffin and then sectioned in a manner similar 
to that for the stented vessels. All histologic sections were 
stained with hematoxylin-eosin a d Movat pentachrome stains. 
The cross-sectional rea of each midstent section was mea- 
sured with digital morphometry to determine the areas within 
the external and internal elastic laminae, stent and vessel 
lumen. The area within the intact internal elastic lamina (IEL) 
of a normal section proximal to the stent was considered the 
normal reference lumen area. Percent area stenosis was then 
defined as follows: [(IEL area of normal reference proximal to 
the stent - Lumen area)/(IEL area of normal reference 
proximal to the stent)] x 100. Neointimal area was determined 
by subtracting the area of the lumen from the area within the 
stent wires. Neointimal thickness extending perpendicular 
from above the stent to the lumen surface was measured at 
each wire site. The control atherosclerotic lesions were defined 
as those vessels ubjected to balloon injury that did not have 
stent placement. Similar morphometric measurements were 
completed for the control vessels. The data reported for the 
control vessels represent the most severely diseased section. 
The medial fracture length and percent medial fracture were 
measured in all stented and nonstented balloon-injured seg- 
ments. 
Scanning electron microscopy. The proximal and distal 
sections of the stented artery were sectioned longitudinally, 
rinsed in three changes of sodium phosphate for 15 min each 
and then fixed in 1% osmium tetroxide for 1 h and rinsed in 
distilled water. Specimens were then dehydrated in a series of 
graded ethanols (50% to 100%) for 15 min. After critical point 
drying, the specimens were mounted, placed in a vacuum 
coater and coated with a 30- to 40-nm layer of gold for 
scanning electron microscopy (Ziess). 
Quantitative angiography. Each angiogram was evaluated 
for evidence of stent migration, intraluminal filling defect, side 
branch occlusion, lumen narrowing and distal coronary flow 
characteristics (Thrombolysis n Myocardial Infarction [TIMI] 
classification [11]). Baseline, 15-minute postimplantation a d 
follow-up coronary artery minimal umen diameters within the 
stent (mm) were measured from nonoverlapped and nonfore- 
shortened views using the guiding catheter as the reference 
standard (ImageComm). Percent diameter stenosis, acute 
stent/artery ratio (Minimal stent balloon-inflated iameter/ 
Reference lumen diameter) and percent stent recoil (Minimal 
stent balloon-inflated iameter - Final minimal lumen 
diameter/Minimal stent balloon-inflated diameter x 100) were 
calculated from these data for each stented vessel. 
Statistical analysis. Angiographic variables were com- 
pared using the paired t test. Morphologic data were compared 
by analysis of variance with Scheff6 F tests for multiple 
comparisons. Significance was established by p --- 0.05. Results 
are expressed as mean value _+ SE. All statistics were calcu- 
lated using Statview 4.0 (Abacus). 
Results 
General. All swine tolerated the 20% fat and 2% choles- 
terol diet during the lesion induction phase. Mean total body 
weight increased from 21 _+ 0.5 kg at initiation of the study to 
28 _+ 1 kg before final angiography. Mean serum cholesterol at 
lesion induction by overstretch balloon angioplasty was 190 _+ 
19 mg/dl (range 87 to 500, normal 0 to 79 mg/dl). Serum 
cholesterol was 188 -+ 21 mg/dl at stent placement and 
declined significantly to 118 _+ 20 mg/dl at 3 days, 78 _+ 8 mg/dl 
at 14 days and 141 _+ 36 mg/dl at 56 days after implantation 
(p < 0.001). 
Procedural. Nineteen (95%) of 20 stents were successfully 
implanted in the left anterior descending (n = 11), left 
circumflex (n = 7) or right (n = 1) coronary artery. One animal 
died during stent placement secondary to refractory ventricu- 
lar arrhythmia pparently unrelated to the stent or delivery 
catheter performance. Angiography confirmed that the im- 
planted stent was patent. In two experiments, the stent was 
easily recrossed, and additional dilations were completed with 
a standard angioplasty balloon. 
Angiography. Nineteen (100%) of 19 successfully im- 
planted stents were patent on follow-up angiography, with 
TIMI grade 3 distal flow. There was no evidence of migration, 
intraluminal filling defects or side branch occlusion. Quantita- 
tive analysis of the coronary angiograms at implantation and at 
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Figure 2. Postmortem radiograph ofa Multi-Link stent 56 days after 
placement in the left circumflex coronary artery of an atherosclerotic 
miniature swine. Note the uniform expansion, conforming tothe mild 
bend in the vessel and the architecture of the stent. 
follow-up for each time interval is summarized in Table 1. 
Baseline angiographic minimal umen diameter of the stented 
coronary segment was 2.48 _+ 0.09 mm (reference diameter 
2.87 _+ 0.06 ram) and improved to 2.82 _+ 0.06 mm (p < 0.001) 
after stent placement. The balloon-inflated stent/reference 
artery ratio was 1.05 _+ 0.02. Minimal balloon-inflated stent 
diameter was 2.98 _+ 0.06 mm with recoil to a final minimal 
lumen diameter of 2.82 + 0.06 mm at 15 min after implanta- 
tion (p = 0.001). The compressive r sistance of the device or 
stent recoil was 5.3 _+ 0.9% at 15 min after implantation i this 
experimental model. 
Postmortem stent radiography, Postmortem noncontrast 
radiography demonstrated complete and symmetric expansion 
of the stent in all vessels (Fig. 2). Examination of the stent 
struts and interconnecting links did not reveal evidence of 
fracture or deformation of the metal. In the two experiments 
where the stent was redilated with an additional angioplasty 
balloon, the proximal ends of the stunt were intact and without 
deformation of the normal architecture. 
Pathologic findings. Experimental atherosclerotic lesions. 
The overstretch balloon injury resulted in laceration of the 
media, with development of an eccentric fibrocellular plaque in 
16 (94%) of 17 control segments (Fig. 3A). Mean percent of 
medial fracture was 41 _+ 4% for the 16 vessels with evidence 
of balloon injury. Mean percent stenosis for the balloon- 
injured vessels was 11.2 _ 7.4%. The area within the external 
elastic lamina of the lesion (5.55 _+ 0.33 mm 2) was not 
significantly greater than the area within the external elastic 
lamina of the most proximal normal segment (4.81 _+ 0.41 
mm 2, p = 0.18) (Table 2). Plaque formation (1.57 _+ 0.16 mm 2) 
was accommodated by this expansion of the external elastic 
lamina and thus resulted in minimal reduction of the lumen 
(2.81 _+ 0.27 mm 2) relative to a normal proximal reference 
segment (3.20 _+ 0.32 mm 2, p = 0.10). The fibrocellular plaque 
consisted of smooth muscle cells densely organized in a 
proteoglycan matrix. The plaque contained only rare macro- 
phages and foam cells. 
After stent placement. The results of vessel morphometry 
are summarized in Table 2. At 72 h, the lumen surface of the 
stent was covered with platelets and fibrin. Diffuse inflamma- 
tory cell infiltration consisting of polymorphonuclear cells, mono- 
cytes and lymphocytes was present at this early interval after 
implantation. The stent compressed the underlying fibrocellular 
plaque and some areas of the normal media. Scanning electron 
microscopy revealed evidence of sparse endothelialization with 
morphologically immature ndothelial cells (Fig. 4, A to C). 
By 14 days, neointima consisting of smooth muscle cells 
within a matrix of proteoglycans was present over the stent 
surface (Fig. 3B). In contrast to the vessels tudied after 72 h, 
only a few inflammatory cells were present, mostly adjacent to 
the stent wires. The area of the lumen within the stent was 
4.07 _+ 0.52 mm 2 with a percent area stenosis of 3 _ 1%. The 
mean neointimal rea was 1.24 _ 0.20 mm 2. Scanning electron 
microscopy of the stented arteries at 14 days revealed nearly 
complete ndothelialization except over wires covering the 
ostia of coronary branch arteries (Fig. 4, D to F). 
Coronary histologic findings at 56 days after stent place- 
ment demonstrated an eccentric neointima over the stent 
wires. The neointima consisted of a dense, circumferentially 
arranged population of smooth muscle cells on the lumen 
surface, with less well organized spindle-shaped cells and 
occasional multinuclear giant cells in the region of the stent 
wires (Fig. 3C). The stent wires compressed the underlying 
plaque and portions of the normal media. None of the stent 
wires extended beyond the external elastic lamina or into the 
adventitia. The neointimal area at 56 days (3.24 _+ 0.26 mm 2) 
significantly increased compared with that at 14 days (p = 
0.0004). The increased neointimal formation resulted in a 
significant reduction in lumen area to 2.68 -+ 0.29 mm 2 and an 
increase in percent area stenosis to 46 _+ 3.3% (p < 0.0001 vs. 
14 days). Mean neointimal thickness at each wire site was 
0.38 - 0.03 mm. The neointimal thickness was significantly 
greater at the stent wire sites in the region of the fibrocellular 
plaque, where the media was absent, han at the stent wire sites 
where the internal elastic lamina was intact with underlying 
normal media (0.48 _+ 0.01 vs. 0.27 _ 0.02 mm, p < 0.0001). 
Compared with the nonstented atherosclerotic control e- 
sions, after 56 days the stented vessels had a mildly reduced 
lumen area when normalized to the proximal normal reference 
segment (2.8l _+ 0.27 mm 2, 12% lumen reduction for control 
lesions vs. 2.68 _+ 0.29 mm 2, 46% lumen reduction for stented 
vessels, p = 0.07) (Table 2). The increase in the area within the 
external elastic lamina relative to a normal proximal reference 
segment was significantly greater in the stented vessels (1.45 _+ 
0.34 mm 2) than nonstented atherosclerotic vessels (0.44 _ 0.28 
mm 2, p = 0.033). Thus, the neointimal response caused by 
stent placement was partially attenuated by expansion of the 
vessel. Scanning electron microscopy at 56 days demonstrated 
mature spindle-shaped ndothelial cells oriented in the direc- 
tion of flow covering >95% of the lumen surface of the stent 
(Fig. 4, G to I). 
Discussion 
Intracoronary stent placement is becoming a more fre- 
quently utilized catheter-based therapy for atherosclerotic 
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Figure 3. Low power photomicrographs. A_, Representative non- 
stented control atherosclerotic lesion created by overstretch balloon 
injury and 6 weeks of a high cholesterol diet. Note the eccentric 
fibrocellular plaque and underlying destruction of the media, with 
minimal narrowing of the lumen. B, Plastic-embedded section from an 
atherosclerotic pig coronary artery 2 weeks after placement of the 
Multi-Link stent. C, Plastic-embedded section from an atherosclerotic 
pig coronary artery 2 months after placement of the Multi-Link stent. 
A fibrocellular plaque is compressed beneath the stent wires. An 
eccentric neointima is present, with greater neointimal formation in 
the region of the plaque (arrows) than in the areas of the normal 
media. Vascular channels are present at the base of the neointima 
(arrowhead). Movat pentachrome, x20, reduced by 30%. 
coronary artery disease. Although the presently available 
stents offer excellent immediate procedural results and a lower 
restenosis rate than balloon angioplasty, each device has 
suboptimal design features that may limit clinical application. 
The ideal coronary stent should have flexibility for delivery in 
tortuous or distal vessels, easy and complete xpansion within 
a lesion, a thromboresistant surface, sufficient compressive 
resistance to limit vascular emodeling and acceptable long- 
term tissue compatibility. In the present study, we assessed the 
placement characteristics and vascular esponse to the Multi- 
Link stent in an atherosclerotic model. The multiple linked- 
ring structure of this stainless teel stent combines ome of the 
favorable attributes of the presently available devices. 
Stent design. The stent used in the present study has 
important design features that distinguish it from other balloon 
expandable devices. The Multi-Link stent is constructed from 
a solid tube of 316L stainless teel by a laser into a configura- 
Figure 4. Scanning electron micrographs of the Multi-Link stent in 
atherosclerotic porcine coronary arteries. A, Longitudinal section after 
explant at 72 h. x10, reduced by 15%. B, At higher magnification, the 
lumen surface of the stent is covered with thrombus and inflammatory 
ceils, x200, reduced by 15%. C, Early endothelial cell attachment is 
demonstrated at higher magnification, x600, reduced by 15%. D, 
Longitudinal section of stent after explant at 2 weeks, x 10, reduced by 
15%. E, High power scanning electron micrograph demonstrates 
complete ndothelial cell coverage of stent, x200, reduced by 15%. F, 
At higher magnification, immature-appearing e dothelial cells ori- 
ented in the direction of flow are present, x600, reduced by 15%. G, 
Longitudinal section of explanted coronary artery demonstrates com- 
plete endothelialization within the stent at 56 days after placement. 
x 10, reduced by 15%. tt, At higher magnification, the lumen surface 
above the stent wire is covered with spindle-shaped mature ndothelial 
cells oriented in the direction of flow (I). H, x200, I, x600, both 
reduced by 15%. 
tion of multiple interconnected rings to provide longitudinal 
flexibility. The radial strength of this novel stent ( -5% recoil 
in this model) is similar to the Palmaz-Schatz coronary stent. 
Unlike the current 15-ram Palmaz-Schatz coronary stent, the 
Multi-Link stent does not have a central articulation or gap 
midstent o provide longitudinal flexibility. This articulation 
produces a critical weakening in the compressive r sistance at 
the midpoint of the Palmaz-Schatz stent (8). In addition, there 
may be inadequate plaque coverage at the central articulation. 
Therefore, the Palmaz-Schatz coronary stent requires careful 
placement in a lesion to avoid ineffective stent expansion of the 
atherosclerotic plaque and a greater potential for restenosis. 
The absence of this design feature provides a longer effective 
Table 2. Summary of Vessel Morphometry After Stent Placement in Atherosclerotic Porcine Coronary Arteries and Comparison With 
Control Vessels 
Group Reference IEL EEL AEEL Neointima Lumen 
Control (n = 16) 3.20 +_ 0.32 5.55 +- 0.33 0.44 _+ 0.28 1.57 _+ 0.16' 2.81 _+ 0.27 
72 h (n = 7) 4.38 _+ 0.18 9.21 _+ 0.64 3.47 _+ 0.72 0.36 +_ 0.09 6.08 -+ 0.42 
14 days (n = 4) 4.21 _+ 0.25 7.57 _+ 0.44 1.64 -- 0.82 1.24 _+ 0.10 4.07 +_ 0.26 
56 days (n = 8) 4.98 +_ 0.39 8.00 _+ 0.45 1.45 _+ 0.34t 3.24 _+ 0.26:~ 2.68 _+ 0.30:~ 
*Refers to plaque area for control vessels, tp = 0.033 versus control lesion. :~p < 0.0005 versus 72 h and 14 days. Data presented are mean area (mm 2) _+ SE. IEL = 
internal elastic lamina; AEEL = difference in area from proximal reference external e astic lamina (EEL). 
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stent surface and may lessen the placement limitations some- 
times encountered with the Palrnaz-Schatz stent. The surface 
architecture of the Multi-Link stent provides a smooth angio- 
graphic lumen similar to that seen with the Palmaz-Schatz 
stent. 
Stent characteristics, uch as surface texture, metal type and 
structural configuration, can affect he thrombogenicity of the 
device (9,10,12). Rogers et al. (9) demonstrated a higher 
patency rate for stents with a corrugated ring geometry, such as 
the Multi-Link stent, than for stents with a slotted-tube 
configuration after placement in rabbit femoral arteries. Re- 
cent clinical studies (13-15) indicate that complete and sym- 
metric stent expansion within the coronary lesion by adjunctive 
high pressure balloon inflation reduces the incidence of sub- 
acute stent thrombosis. This technique of optimizing stent 
placement has also reduced the requirement for systemic 
anticoagulation with warfarin (13). The sinusoidal configura- 
tion of the nonexpanded Multi-Link stent and the elastomeric 
cover over the delivery balloon are design features intended to 
improve device expansion in a vessel. In the present experi- 
mental study, complete and symmetric stent expansion was 
accomplished by the delivery balloon catheter, as documented 
by radiographic and postmortem vessel pathologic studies. 
Importantly, in the present study, stent thrombosis did not 
occur. The study animals did not receive systemic anticoagu- 
lation after stent placement or other platelet-specific agents, 
such as ticlopidine. Although these experimental data are 
encouraging, only clinical evaluation with intravascular ultra- 
sound imaging will define the expansion characteristics and 
efficacy of the Multi-Link stent and its delivery system. 
Vascular response to stent placement. Coronary angiogra- 
phy demonstrated minimal narrowing within the stent by 2 
weeks. At 2 months, the vessel diameter approximated the 
prestent minimal umen diameter. Therefore, in these athero- 
sclerotic oronary arteries with nonobstructive lesions, the late 
loss was equivalent to the immediate gain after stent place- 
ment. On histologic study, the neointimal area (3.24 _ 0.26 
mm 2) was significantly greater at 2 months than at 2 weeks 
(1.24 _+ 0.20 mrn2), accounting for the reduction in lumen 
diameter. The degree of lumen narrowing due to the neointi- 
rnal response was attenuated by expansion of the vessel relative 
to the proximal segment. Compared with nonstented athero- 
sclerotic lesions, stent placement resulted in increased neoin- 
timal formation but without a significant reduction in the area 
of the lumen because of vessel expansion and the inhibition of 
vessel recoil or remodeling. Our results are consistent with 
published reports in other animal models and clinical intravas- 
cular ultrasound studies on the effects of stent placement in 
atherosclerotic lesions (16,17). Post et al. (16) compared the 
effects of balloon angioplasty and stent placement in periph- 
eral arteries of Yucatan swine with lesions created by denuda- 
tion and a high cholesterol diet. In their study, stent placement 
resulted in greater neointimal formation than with balloon 
angioplasty. Remodeling, as in the present study, defined as the 
amount of vessel shrinkage, was prevented by stent placement. 
Influence of normal media versus fibrocellular plaque on 
neointimal formation after stent placement. The presence of 
normal media underlying the stent appears to limit the amount 
of neointimal growth in vessels with eccentric fibroceHular 
atherosclerotic plaques. This phenomena of arterial repair in 
atherosclerotic vessels may be related to the proliferative 
smooth muscle cell substrate within the underlying plaque or 
the absence of an internal elastic lamina on the lumen surface 
of the plaque. In prior studies of stent placement in normal 
porcine coronary arteries (18,19), rupture of the internal 
elastic lamina or destruction of the media by the stent resulted 
in greater neointirnal formation. In the present study using 
atherosclerotic swine, we observed 78% greater neointimal 
thickness over the stent wires in the region of the underlying 
fibrocellular plaque than in normal media. The majority of 
smooth muscle cells within this fibrocellular plaque have a 
morphologic appearance ofsynthetic or noncontractile smooth 
muscle cells. Therefore, it is possible that the accentuated 
neointirnal growth in this region of the stent is the result of 
greater smooth muscle cell proliferation within the fibrocellu- 
lar plaque than in normal media. Additionally, the absence of 
an internal elastic lamina due to the balloon injury may also 
enhance smooth muscle cell migration to the neointima. These 
findings may possibly explain why restenosis occurs more 
frequently after stent placement in patients with previous 
coronary angioplasty (7). 
Comparison with prior stent studies in atherosclerotie 
coronary models. The angiographic and histologic results in 
the present study are similar to prior studies of coronary stent 
placement inatherosclerotic porcine models. Rogers et al. (20) 
reported a 19% diameter stenosis at 1 month after placement 
of stainless teel coil stents in porcine coronary arteries after 
lesion induction by denudation with an angioplasty balloon. In 
that study (20), the follow-up minimal umen diameter (2.4 _+ 
0.21 mm) was also similar to the prestent lumen diameter 
(2.69 _+ 0.25 mm) for animals treated with aspirin. In a study 
using the Wiktor stent, Buchwald et al. (21) reported 24% 
diameter stenosis at 4 weeks after implantation in normoli- 
pemic swine that received antiplatelet therapy with aspirin. 
Grinstead et al. (22) compared the neointimal response after 
placement of balloon-expandable tantalum coil stents in the 
coronary arteries of swine with a high cholesterol diet and 
prior balloon endothelial abrasion, swine with a high choles- 
terol diet only and normolipemic swine. In the group of 
animals that underwent endothelial abrasion and received a 
high cholesterol diet, at 1 month after stent placement, Grin- 
stead et al. reported a40% to 55% area stenosis and a maximal 
intimal thickness of 517 to 660 ~m. Interestingly, although the 
tantalum coil balloon-expandable st nts used in that study (22) 
were appropriately sized to the vessel by angiographic criteria, 
the external elastic lamina was disrupted in 25 of 26 vessels. In 
the present study, we did not observe disruption of the external 
elastic lamina by the stent wires according to similar vessel- 
sizing criteria. These data imply that a coil type stent, com- 
pared with a tubular stent, may induce more long-term vessel 
injury. A comparative study is required to determine whether 
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basic differences in stent design influence vessel injury and 
subsequent neointimal formation. 
Limitations of the study. The results of the present study 
must be interpreted in the context of an evaluation of a new 
stent in vessels with focal experimentally induced atheroscle- 
rotic lesions. An atherosclerotic model theoretically appears to 
offer advantages over testing stents in normal vessels when 
attempting to extrapolate results to humans. However, the 
atherosclerotic pig coronary lesions created by balloon injury 
and high cholesterol diet differ from the complex atheroscle- 
rotic lesions in humans in which focal plaque rupture and 
necrosis and calcification are often observed. The fibrocellular 
lesions into which the stents where implanted in the present 
study are histologically similar to restenotic lesions in human 
coronary arteries. 
Lesion formation was accomplished using overstretch bal- 
loon injury, as characterized by Karas et al. (23). In the present 
study, this method of injury resulted in the production of 
coronary artery lesions with only a 10% to 20% diameter 
angiographic stenosis. Stent placement did not require balloon 
predilation. The device performance in this experimental 
model may not correlate with clinical performance of the stent. 
However, animal models for stent testing can provide useful 
information pertaining to device function as well as blood and 
long-term tissue biocompatibility. 
Conclusions. The results from the present experimental 
study demonstrate that the design features of the Multi-Link 
coronary stent may offer the advantage of providing an ade- 
quate scaffold to attenuate long-term recoil while its flexibility 
allows delivery to the lesion. Morphologic data from the 
present study confirm that the principal beneficial effect of 
stent placement is vessel expansion and attenuation of long- 
term remodeling. The presence of normal media underlying 
the stent determines the degree of neointimal formation. 
These findings may be useful in understanding the mechanism 
of stent restenosis. 
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